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A tunable diode laser absorption spectrometer was developed for trace acetylene gas analysis, the
system performance was evaluated by combing an appropriate digital signal processing methods,
i.e., Savitzky–Golay smoothing and differentiation algorithm. The calculation of the derivative
spectra by this method is accompanied by simultaneous data smoothing. Based on the 2nd deriv-
ative spectra detection method, the Allan variance technique indicates a C2H2 detection limit of
1.7 ppm for 1-s averaging time, and a minimum noise level of 62 ppb (parts per billion), at the op-
timum integration time of ~60 s. The calculated 2nd derivative spectra with better resolution, lower
detection limits, save signal processing time, and improve the ability to distinguish unresolved
spectral signals.

Keywords: tunable diode laser absorption spectroscopy (TDLAS), signal processing, Savitzky–Golay
filter, trace gas detection.

1. Introduction

Industrial gas measurements are usually performed using gas chromatographs (GCs)
which have time constants of minute level. Being high sensitive and selective, rapid
(typical second level), non-contacting and nondestructive, and environmentally friend-
ly (i.e., no use of chemicals and no harmful by-products to the environment), tunable
diode laser absorption spectroscopy (TDLAS) is a versatile tool for the analysis of con-
centration, temperature, pressure, velocity, and eddy flux of molecules and radicals un-
der observation. Recent advances in diode laser sources and spectroscopic analysis
techniques generally have triggered an increase in infrared spectrometric trace gas de-
tection for quantitative assessments of a wide spectrum of gas species in atmospheric
pollution monitoring, chemical analysis, industrial process control, and monitoring of
agricultural emissions, medical breath analysis, and combustion diagnostics, as well
as atmospheric chemistry [1]. 
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Acetylene (C2H2, H–C≡C–H) is one of the feature gases in transformer fault
diagnosis [2], and is also considered as a tracer of air mass age [3]. As shown in Fig. 1,
C2H2 shows several strong absorption bands in the infrared spectral range [4], for ex-
ample, at 1.5 μm corresponding to ν1 + ν3 band of acetylene, at 3 μm corresponding
to ν3 band of acetylene, at 7.5 μm corresponding to ν4 + ν5 band of acetylene, and at
14 μm corresponding to ν5 + ν6 band of acetylene. Generally, the 3 μm infrared spec-
tral range is only accessible via cryogenically cooled lead salt diode lasers [5] or fairly
complicated difference frequency generation (DFG) light sources [6], which represent
a serious drawback especially for in situ measurements. In 1994, a new class of diode
lasers, i.e., quantum cascade lasers (QCLs) [7], have opened new horizons to access
the spectral region of the mid-infrared. Recently, QCL-based acetylene sensor operat-
ing near 8 μm [8] and 14 μm [9, 10] have been successfully reported for providing ac-
cess to ν4 + ν5 and ν5 + ν6 bands of acetylene, respectively. QCLs are very promising
for fast and sensitive detection of C2H2. However, they still suffer from some draw-
backs like extreme costs and limited available wavelengths without cryogenic temper-
ature operation for continuous wave (CW) mode. In contrast, detection of C2H2 via
the ν1 + ν3 vibrational combination band near 1.5 μm is much easier since telecom-
munication-type diode lasers are available with low cost, high spectral quality and
room-temperature operation capability [11, 12]. Although line intensities of C2H2 at
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Fig. 1. Absorption line-strengths of acetylene in the infrared spectral range.
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the ν1 + ν3 band are weaker at least by one order of magnitude than those at other three
fundamental bands. Taking advantage of multi-pass absorption cells [13] and high-fi-
nesse optical cavities [14], which typically can provide an enhanced interaction length
of up to ~2 orders of magnitude, and modulation techniques [15] as well as signal pro-
cessing methods [16], near-infrared TDLAS can also achieve very low detection limits
of the order of parts per billion (ppb) [17]. 

In present work, we report on the development of a laser spectrometer based on
a compact Herriott-type absorption cell for trace C2H2 gas detection. In addition, an adap-
tive Savitzky–Golay filter algorithm was integrated for signal processing, i.e., data
smoothing and calculating second derivative spectra for signal-to-noise ratio (SNR)
and resolution enhancement, respectively. 

2. Experimental details

2.1. Sensor design

The experimental setup is shown schematically in Fig. 2. The tunable diode laser source
is purchased from Agilent Technologies with an average output power of  ~5 mW, the
laser linewidth < 10 MHz and there are no mode-hops in the tunable range between
6523 and 6587 cm–1 [18]. The room-temperature single mode diode laser is fiber-cou-
pled and the optical fiber ends with a beam collimator, and the laser beam is focused
to the center of an astigmatic multi-pass gas absorption cell (AMAC-76, Aerodyne
Research, Inc.). A visible diode laser (λ = 640 nm) was injected into the system via
a reflector mirror and co-aligned with the infrared beam to facilitate the beam align-
ment with the multi-pass cell, which has a base length of 32 cm, a volume of 0.5 litre
and provides a maximum optical path length of 76 m at 238 passes. The laser beam
exiting from the multi-pass cell was monitored by an InGaAs photodetector (New
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Fig. 2. Schematic diagram of the near-infrared diode laser absorption spectrometer.
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Focus 2053), and then sent to a data acquisition (DAQ) system implemented with a DAQ
card NI-6212 (National Instruments, USA) and a LabView-based graphical user inter-
face software program run on a laptop. 

2.2. Selection of spectral line and sampling pressure

It is well-known that the detection sensitivity of  TDLAS is, to a large extent, dependent
on the inherent absorption line strength of the target gas under study. In addition, spec-
tral interference from the target gas or other species is common issue for TDLAS-based
gas sensors and can adversely affect detection specificity, precision, and accuracy. In
this study, the C2H2 line transition R9e of ν1 + ν3 band (ν = 6578.5761 cm–1) with
a line intensity factor of 1.340×10–20 cm–1/(molecule·cm–2), as reported on the
HITRAN2012 database [4], was selected for evaluating the sensitivity of the TDLAS
system. This line is found to be free of interference from other atmospheric gases (such
as CO, H2O, CH4, etc.). By reducing sample gas pressure, the neighbor absorption
interferences from other bands of C2H2 near 6578.53 cm–1 will be greatly reduced, as
shown in Fig. 3. Therefore, enhanced specificity, improved accuracy, faster response,
and lower cost of ownership all become achievable. As can be seen from this figure
and the inset, at low pressures, the absorption depth increases linearly with pressure,
whereas at high pressures, the absorption signal intensity becomes almost constant due
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Fig. 3. Dependence of absorption depth of the R9e transition line of C2H2 on total sample gas pressure.
The inset shows the absorption spectra recorded under different pressure and the corresponding Voigt fit. 
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to the canceling of two opposing terms with pressure. Therefore, a compromise be-
tween sensitivity and selectivity is desirable. Finally, the optimum sampling pressure
of about 100 mbar is selected for evaluating our TDLAS system. 

2.3. Signal processing

Apart from decreasing sampling pressure, derivative spectroscopy is also an effective
method for resolution enhancement in various spectroscopic applications [19, 20]. Dig-
ital signal processing (DSP) is particularly attractive due to its flexibility. The Savitzky
–Golay filter is one of the most popular filtering techniques first described in 1964 by
SAVITZKY and GOLAY [21]. The main advantage of this filter is that it tends to preserve
the original shape and features of the signal better than other types of filtering ap-
proaches, such as a moving average technique. Instead of just averaging the adjacent
sampling points, it performs a least-square-fit with a polynomial of high order over an
odd-sized window centered at the point. A wavelet transform is a powerful technique
for digital signal processing, however, this method largely depends on too many filter
parameters, for example, wavelet type, thresholding policy, threshold estimation and
decomposition level, etc. Comparing to a wavelet denoising technique, the Savitzky
–Golay smoothing filter has been shown to be especially attractive since both the
smoothed signal and the derivatives can be calculated in a single step, and only two
filtering parameters need to be set, i.e., the width of the smoothing window and the
degree of the smoothing polynomial.

Analogous to most filter methods, the choice of inappropriate filter parameters will
lead to failure to optimally remove noise and accurately reproduce the signal, thereby
introducing a systematic error for concentration retrieval in TDLAS. In our previous
work [22], an adaptive Savitzky–Golay smoothing algorithm was developed to opti-
mally select the input filter parameters for noise reduction and signal fidelity. Here,
we recapitulate the main points. A varying window Savitzky–Golay filtering integrated
with two additional criteria for TDLAS signal processing was proposed. The first cri-
terion is to introduce a real signal or noise-free signal referred to PolyFit which is gen-
erated by fitting a polynomial function to a small segment near the absorption peak of
the raw signal. The multiple linear regression analysis method is used to calculate the
correlation coefficient between the PolyFit and the same segment in the Savitzky
–Golay filter smoothed data, instead of using SNR for assessing the optimal filtering
parameters. The second criterion is to employ a threshold defined as the difference of
peak heights between PolyFit and the Savitzky–Golay filtering smoothed data, in order
to optimize filtering parameters without excessive signal distortion. 

Moreover, in order to resolve the spectral interference effect mentioned above,
herein, the algorithm has been improved with both function of smoothing filter and
differential calculation for noise removal and resolution enhancement, respectively.
The calculation of the derivative spectra by this method is accompanied by simulta-
neous data smoothing [23]. The formula of Savitzky–Golay filter for calculating the
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smoothed data (s = 0) or the desired s-th derivative (s > 0) using a polynomial of degree
n on (2m + 1) data points can be written as [24] 

(1)

where  is the convolution weight of the i-th point to evaluate the s-th derivative
at the point t. It can be calculated as 

(2)

where (a)(b) is a generalized factorial function (a)(a – 1)...(a – b + 1), and (a)(0) = 0;
 is the Gram polynomials defined as 

(3)

Unlike the fixed-degree Savitzky–Golay filter, the developed adaptive polynomial
regression analysis is based on changes in the sum of squares of residuals ( χ 2) by using
the selection rule of Stein’s unbiased estimate of risk (SURE) for optimizing filter co-
efficients [25], which can be expressed as

(4)

3. Sensor performance evaluation

For purposes of evaluation the sensor performance and the developed algorithm, a series
of mixture of C2H2 and laboratory air were prepared for recording TDLAS absorption
signal. The effective optical path length was firstly calibrated with pure C2H2 sample
with several weaker absorption lines. According to the Lamber–Beer law, an effective
path length of approximate 40 m was obtained under the non-optimal coupling case.
As we mentioned above, all the sample pressures are set to 100 mbar in order to reduce
the influence of pressure broadening effect. We restricted the data records to a single
laser scan (1 Hz) without any averaging. Figure 4 shows the experimentally observed
C2H2 absorption spectra between 6578.4 and 6578.8 cm–1 with concentrations between
19 and 100 ppm, and the smoothed data by the Savitzky–Golay filter (upper panel),
as well as the corresponding residual (lower panel). From this figure, one can see that
the Savitzky–Golay filter leads to a better spectral SNR, in particular, when the C2H2
sample concentration decreased to 19.01 ppm, a C2H2 weak absorption line approach-
ing the transition R9e at 6578.5761 cm–1 can still be clearly observed after the application
of the Savitzky–Golay smoothing filter. However, the spectral resolution becomes in-
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sufficient due to the limitations of pressure broadening effect and the influence of
noises. For these issues, the corresponding second derivative spectra are calculated,
as presented in Fig. 5, which is accompanied by simultaneous data smoothing. As
discussed [22, 23], the selection of suitable parameters plays an important role in the
Savitzky–Golay smoothing and differentiation algorithm. In order to achieve a trade-off

Fig. 4. Experimentally observed absorption spectra between 6578.4 and 6578.8 cm–1 with different C2H2
concentrations and the corresponding Savitzky–Golay (SG) smoothed data.
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Fig. 5. The calculated second derivative spectra using the developed Savitzky–Golay differentiation
algorithm for data presented in Fig. 4.
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between noise reduction and resolution enhancement, the window size and polynomial
degree of 23 and 8, respectively, were selected in this study. 

Analogous to a wavelength modulation spectroscopy technique [26], we check
the relationship between 2nd derivative signal amplitude and sample concentration.
Linear regression leads to equations of yabsorption depth = 0.00334CC2H2

+ 0.06505 and
ySavitzky–Golay 2 f  signal = 0.00262CC2H2

+ 0.08607 with regression coefficients of R2 =
= 0.97958 and 0.95832 for n = 7 sampling points, respectively, as inserted tables in
Fig. 6. As expected in theory, the absorption depths of direct absorption spectra show
linear dependence on sample concentration under an optically thin case. Noted that the
calculated signal amplitude of 2nd derivative spectra also shows a good linear response.
This linear expression determined from the 2nd derivative signals can be used for un-
known trace gas concentration measurement [27]. It offers advantages (i.e., time and
cost) over traditional direct absorption spectroscopy and wavelength modulation
spectroscopy, which must utilize a complicated fitting algorithm model (such as Voigt
model) and a digital lock-in amplifier technique, respectively. 

Finally, the system performance was evaluated using the Allan variance tech-
nique [28] (as shown in Fig. 7), based on a time series of  2nd derivative measurements
of a certified C2H2 sample. The Allan deviation is plotted in a log–log scale versus the
averaging time, indicating a detection limit of 1.7 ppm with 1-s averaging time, and
a minimum noise level of 62 ppb, at the optimum integration time of ~60 s. The per-
formance of our TDLAS sensing system is satisfying for industrial application. How-
ever, the sensitivity needs to be further improved for atmospheric observations, which
could be realized by optimizing the effective optical path (i.e., a maximum optical path
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Fig. 6. Plot of absorption depth, the signal amplitude of 2nd derivative spectra and SNR versus C2H2 con-
centrations for C2H2 transition R9e at 6578.5761 cm–1. The straight lines are the best linear fit of the data
points. 
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length of 76 m) and improving the Savitzky–Golay smoothing and differentiation al-
gorithm. 

4. Conclusion 
In summary, a TDLAS spectrometer with 2nd derivative detection was developed for
trace acetylene gas analysis, the system performance was evaluated by combing appro-
priate digital signal processing methods, i.e., Savitzky–Golay filtering and differentia-
tion algorithm. The calculation of the derivative spectra by this method is accompanied
by simultaneous data smoothing. The Savitzky–Golay smoothing and differentiation
algorithm produces 2nd derivative spectra with better resolution, lowering detection
limits, saving signal processing time, and improving the ability to distinguish unre-
solved spectral signals. This method is potentially well-suited to real-time automated
spectral analysis of chemical species and volatile organic compounds, where spectral
interference from the target gas or foreign species seriously affects measurement pre-
cision and accuracy in optical spectroscopy based sensors. 
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